sine activation of A2B receptor(s) is essential for stimulated epithelial ciliary motility and clearance. Am J Physiol Lung Cell Mol Physiol 301: L171-L180, 2011. First published May 27, 2011 doi:10.1152/ajplung.00203.2010.-Mucociliary clearance, vital to lung clearance, is dependent on cilia beat frequency (CBF), coordination of cilia, and the maintenance of periciliary fluid. Adenosine, the metabolic breakdown product of ATP, is an important modulator of ciliary motility. However, the contributions of specific adenosine receptors to key airway ciliary motility processes are unclear. We hypothesized that adenosine modulates ciliary motility via activation of its cell surface receptors (A1, A2A, A2B, or A3). To test this hypothesis, mouse tracheal rings (MTRs) excised from wild-type and adenosine receptor knockout mice (A1, A2A, A2B, or A3, respectively), and bovine ciliated bronchial epithelial cells (BBECs) were stimulated with known cilia activators, isoproterenol (ISO; 10 M) and/or procaterol (10 M), in the presence or absence of 5=-(Nethylcarboxamido) adenosine (NECA), a nonselective adenosine receptor agonist [100 nM (A1, A2A, A3); 10 M (A2B)], and CBF was measured. Cells and MTRs were also stimulated with NECA (100 nM or 10 M) in the presence and absence of adenosine deaminase inhibitor, erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (10 M). Both ISO and procaterol stimulated CBF in untreated cells and/or MTRs from both wild-type and adenosine knockout mice by ϳ3 Hz. Likewise, CBF significantly increased ϳ2-3 Hz in BBECs and wild-type MTRs stimulated with NECA. MTRs from A1, A2A, and A3 knockout mice stimulated with NECA also demonstrated an increase in CBF. However, NECA failed to stimulate CBF in MTRs from A2B knockout mice. To confirm the mechanism by which adenosine modulates CBF, protein kinase activity assays were conducted. The data revealed that NECA-stimulated CBF is mediated by the activation of cAMP-dependent PKA. Collectively, these data indicate that purinergic stimulation of CBF requires A2B adenosine receptor activation, likely via a PKA-dependent pathway. mucociliary clearance; knockout mouse model; bovine bronchial epithelial cells MUCOCILIARY TRANSPORT is an important host defense mechanism in the lung by which the coordinated beating of cilia continuously clears the lung of aspirated microorganisms and inhaled debris. This transport is dependent on the ciliary motion of airway epithelium, physicochemical properties of periciliary fluid, and mucus secretion (45, 50). Regulation of airway ciliary motility is critical because mucociliary transport is considered the first line of defense between the lung and the environment. Stressful conditions such as exercise or inflammation cause cilia in the airway to beat faster, increase clearance, and move an increased number of inhaled particles (2). As a consequence, mucociliary transport is a regulable host defense that can be activated under numerous conditions. It has been well described that ATP, a signaling molecule released by the airway epithelium after diverse stimuli, including shear forces and increases in intracellular calcium (22, 33) , can directly stimulate ciliary activity (19, 23, 35) . ATP is rapidly degraded via ecto-nucleotidases and ecto-apyrases to ADP ¡ AMP ¡ adenosine (29). The precise mechanism by which adenosine can stimulate ciliary beating via interaction of its cell-surface receptors is not understood.
MUCOCILIARY TRANSPORT is an important host defense mechanism in the lung by which the coordinated beating of cilia continuously clears the lung of aspirated microorganisms and inhaled debris. This transport is dependent on the ciliary motion of airway epithelium, physicochemical properties of periciliary fluid, and mucus secretion (45, 50) . Regulation of airway ciliary motility is critical because mucociliary transport is considered the first line of defense between the lung and the environment. Stressful conditions such as exercise or inflammation cause cilia in the airway to beat faster, increase clearance, and move an increased number of inhaled particles (2) . As a consequence, mucociliary transport is a regulable host defense that can be activated under numerous conditions. It has been well described that ATP, a signaling molecule released by the airway epithelium after diverse stimuli, including shear forces and increases in intracellular calcium (22, 33) , can directly stimulate ciliary activity (19, 23, 35) . ATP is rapidly degraded via ecto-nucleotidases and ecto-apyrases to ADP ¡ AMP ¡ adenosine (29) . The precise mechanism by which adenosine can stimulate ciliary beating via interaction of its cell-surface receptors is not understood.
Adenosine is known to elicit its cellular responses through its interaction with its cell-surface receptors (A 1 R, A 2A R, A 2B R, and A 3 R) (18) . All of these receptors have been implicated in the regulation of pulmonary inflammation either in a cytoprotective and/or anti-inflammatory role (31, 36, 37) . Conversely, activation of these receptors, particularly A 1 R and/or A 3 R, has been implicated in a proinflammatory role leading to tissue damage (3, 12, 21) . In addition, as a G protein-coupled receptor, adenosine receptors have the ability to either activate or inhibit adenylyl cyclase, leading to changes in intracellular cAMP and calcium levels, both critical regulatory messengers for ciliary function (42, 51, 61) . In the regulation of airway cilia motility, adenosine is thought to be a natural agonist that is produced in a paracrine fashion via the hydrolysis of ATP. This adenosine release can then act upon the adenosine A2 receptor(s), especially A 2B , to increase cAMP, resulting in increased CBF (35) .
A growing body of literature demonstrates that many complex factors, including adenosine, regulate ciliary motility and are only partially understood (42) . Earlier studies established that adenosine could modulate ciliary activity (57, 59) . However, since these early findings, there have been several studies that revealed that the varied response of adenosine in modulating mucociliary velocity depends on its specific interaction with its cell-surface receptors and its ability to activate cAMP (30, 34, 35, 55) . Although these studies have established the effects of adenosine on ciliary activities, the results varied depending on the animal model investigated. In addition, most of the studies investigating the role of adenosine in ciliary motility have been gleaned via a combination of indirect pharmacological approaches coupled with molecular analysis of adenosine subtype expression patterns. Given the dearth of subtype-selective antagonists (5), the novelty of our experiments is our ability to use adenosine receptor knockout mice (A 1 , A 2A , A 2B , or A 3 ) to delineate their role in modulating ciliary motility. In this study, we evaluated the role of adenosine in modulating ciliary beat frequency (CBF). To gain a better understanding of the contribution of adenosine of specific adenosine receptors to key airway ciliary motility processes, we employed two systems to do this: 1) an ex vivo mouse model that utilizes excised trachea from wild-type and adenosine receptor knockout mice (A 1 , A 2A , A 2B , or A 3 ) and 2) a cell model utilizing bovine ciliated bronchial epithelial cells (BBECs). Here we demonstrate that A 2B adenosine receptor activation is vital for regulation of ciliary motility through a PKA-dependent pathway.
MATERIALS AND METHODS
Reagents and materials. M199 medium was purchased from Biofluids (Rockville, MD). Streptomycin, penicillin, protease (type IV), FCS, and fungizone were purchased from Life Technologies (Grand Island, NY). PureCol was purchased from Advanced BioMatrix (San Diego, CA). Phosphocellulose P-81 paper was purchased from Whatman (Clifton, NJ). Heptapeptide substrate for PKA (LRRASLG) was purchased from Peninsula Laboratories (Bachem, San Carlos, CA).
[␥-
32 P] ATP was purchased from GE Healthcare Biosciences (Pittsburgh, PA). Erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA) and 4-(2,3,6,7-tetrahydro-2, 6-dioxo-1-propyl-1H-purin-8-yl)-benzenesulfonic acid potassium salt (PSB1115) were purchased from TOCRIS Bioscience (Ellisville, MO). The nonselective adenosine receptor agonist, 5=-(N-ethylcarboxamido) adenosine (NECA), isoproterenol (ISO), procaterol, and all other reagents not listed were purchased from Sigma (St. Louis, MO).
Ciliated BBEC preparation. Primary ciliated BBECs were prepared from fresh bronchi by a modification as previously described (53) . Bronchi were cut apart from the lung, cleaned, and incubated overnight at 4°C in 0.1% bacterial protease type IV in M199 media. Following overnight incubation, each bronchus lumen was rinsed with M199 containing 10% FCS to collect the epithelial cells lining the lumen. These cells were then filtered through a 40 m mesh filter, which typically produces a high-viability cell preparation of Ͼ95% ciliated cells (48) . Cells were plated on 60-mm tissue culture dishes coated with 1% PureCol and maintained in complete M199 media containing 10% FCS, 50 U/ml penicillin and streptomycin, and 2 g/ml fungizone, in a humidified 95% air-5% CO 2 incubator at 37°C. Confluent monolayers of primary BBECs were obtained in 3 days and treated with ISO (10 M), procaterol (100 nM), and/or NECA (100 nM or 10 M) for 30 min and were used for CBF studies.
Mice. Female C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) at 8 wk of age and maintained in the animal care facility at the University of Nebraska Medical Center, which is accredited by the American Association of Accreditation of Laboratory Animal Care (AAALAC). Mice received standard rodent chow and water ad libitum. All four homozygous adenosine knockout (AKO) mice (A 1AR, A2AAR, A2BAR, and A3AR) were backcrossed onto the C57BL/6 background at the University of Texas-Houston Medical Center, and blinded tracheas that were decoded after data analysis were provided from the laboratory of Dr. Michael Blackburn (University of Texas-Houston Medical Center; Houston, TX). All experiments followed the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the UNMC Institutional Animal Care and Use Committee.
Mouse tracheal extraction and treatment. Tracheas were removed in a modification as previously described (16) and maintained in serum-free M199 containing penicillin, streptomycin, and fungizone in a closed sterile 15-ml conical tube at room temperature until processing (30 -60 min). Tracheal rings were cut from the distal end of the trachea just above the carina (0.5 mm width) and placed in six-well tissue plates containing serum-free M199 for CBF determination. After baseline CBF determination, tracheal rings from wildtype C57BL/6 mice or AKO mice were stimulated with ISO (10 M) or procaterol (10 M) and/or NECA (100 nM; 10 M). Some rings were pretreated with an adenosine deaminase inhibitor, EHNA (10 M) or with a selective A 2B adenosine receptor antagonist, PSB1115 (100 nM), or with a selective and potent cAMP-dependent PKA inhibitor, KT-5720. Rings were incubated for 30 min at 37°C in 5% CO 2 and then allowed to equilibrate at 25°C for 10 min, and a final CBF reading was taken.
CBF. Actively beating ciliated cells from primary BBECs or tracheal rings were observed and their motion quantified using phasecontrast microscopy and computerized frequency spectrum analysis as described by Sisson et al. (52) . During CBF measurements, both BBECs and tracheal rings were maintained at a constant temperature (24 Ϯ 0.5°C) by a thermostatically controlled heated stage. Wholefield analysis was performed using software that analyzes the entire captured image of all ciliated cells in a given field. The digital sampling rate was set at 85 frames/s for all experiments. The predominant frequency of cilia was viewed and taken in at least six separate recordings. All frequencies are expressed as means Ϯ SE from six separate fields.
Determination of cAMP-dependent PKA activity. PKA activity was determined in crude whole cell fractions of ciliated BBECs. The assay used is a modification of procedures previously described (26) with 130 M PKA substrate heptapeptide (LRRASLG), 10 M cAMP, 0.2 mM IBMX, 20 mM Mg-acetate, and 0.2 mM [␥- 32 P] ATP in a 40 mM Tris·Hal buffer (pH 7.5). Samples (20 l) were added to 50 l of the above reaction mixture and incubated for 15 min at 30°C. Cell fraction (10 l) initiated the reactions, and spotting 50 l of each sample on phosphocellulose papers halted incubation. Papers were then washed five times for 5 min each in 75 mM phosphoric acid, washed once in ethanol, dried, and counted in nonaquaeous scintillant as previously described (38) . Negative controls consisted of similar assay samples with or without the substrate peptide or cAMP. Kinase activity is expressed in relation to total cellular protein assayed and was calculated in picomoles of phosphate incorporated per minute per milligram of total protein. All samples were assayed in triplicate, and no fewer than three separate experiments (n ϭ 9) were performed per unique parameter.
Cilia histopathological examination. Lungs from AKO and wildtype mice were fixed with 10% neutral buffered formalin (pH 7.2) as previously described by Elliot et al. (15) . Following fixation, lungs were paraffin embedded, serial sectioned (4 -5 m), and stained with hematoxylin and eosin, revealing normal appearing cilia and pseudocolumnar epithelium in all four AKO and wild-type mouse tracheal rings (MTRs) (Fig. 1, magnification, ϫ40) .
Statistical analysis. CBF data were statistically analyzed using Student's paired t-test followed by Tukey's multiple-comparison test. Statistical differences between groups were determined using oneway ANOVA followed by Tukey's multiple-comparison test (GraphPad Prism, version 4; GraphPad, San Diego, CA). Significance was assigned at P Յ 0.05.
RESULTS

ISO stimulation of CBF in MTRs is concentration dependent and comparable to ciliated BBEC.
To demonstrate the sensitivity of the tracheal rings with a known activator of cilia motility, wild-type MTRs were stimulated with various concentrations of ISO. Baseline (unstimulated) CBF (ϳ9 Hz) did not differ among any of the ciliated tracheal rings tested. ISO significantly increased the CBF by 30 min of exposure (ϳ2-3 Hz; ***P Ͻ 0.001) compared with baseline and was concentration dependent ( Fig. 2A) . On the basis of these findings, we used 10 M ISO as a positive control for subsequent experiments. Comparable CBF stimulation was achieved by 10 M ISO in ciliated BBECs (Fig. 2B ). These data demonstrate comparable CBF responses in two different models (tracheal rings vs. cultured airway cells) from two different species (murine and bovine).
NECA, activation of adenosine A 2B receptor stimulates CBF in both MTRs and ciliated BBEC. NECA is a potent nonselective adenosine agonist that is resistant to hydrolysis by adenosine deaminase, an enzyme that degrades adenosine. Baseline CBF of ϳ12 Hz was maintained up to 30 min. NECA increased CBF in a concentration-dependent fashion at a threshold of ϳ1 M (EC 50 ϭ 2.25 M) with maximal stimulation of CBF occurring at 10 M (#P Ͻ 0.001 compared with media control), returning almost to baseline at 100 M (Fig. 3A) . ISO (10 M) was used as positive control. Similarly, MTRs stimulated with adenosine increased CBF in a concentration-dependent fashion (EC 50 ϭ 1.5 M; Fig. 3B ) with maximal stimulation of CBF occurring at 30 M (#P Ͻ 0.001 compared with media control), demonstrating that NECA had a greater potency than adenosine. To determine the subtype of adenosine cell surface receptor(s) responsible for stimulated ciliary motility, wild-type MTRs and ciliated BBECs were treated with NECA (100 nM, activates A 1 , A 2A , and A 3 ; and 10 M, activates A 2B ) (47) . Stimulation with 10 M NECA significantly increased CBF in both wild-type MTRs and ciliated BBECs, comparable to 10 M ISO. Stimulation with 100 nM did not elicit a significant increase in CBF (Fig. 3C) . Wild-type MTRs were pretreated with a highly selective A 2B R antagonist, PSB1115, to confirm the A 2B R activation affect on ciliary beating. PSB1115 completely abrogated NECA-mediated CBF and had no effect on baseline CBF (Fig. 3D) . These data suggest that activation of the A 2B receptor(s) stimulates CBF in both the ex vivo MTRs and primary ciliated BBECs. 
NECA pretreatment potentiates ISO-stimulation of CBF in
MTRs. ␤-Adrenergic stimulation of CBF is limited by the desensitization of the ␤-adrenergic receptors. Because adenosine is a natural ligand for regulating ciliary motility, we investigated whether A 2B -mediated activation would potentiate ␤-adrenergic stimulation of CBF. Wild-type MTRs were pretreated with Ϯ10 M EHNA followed by a subsequent pretreatment with 10 M NECA for 30 min then exposed with 10 M ISO for 30 min. CBF was then measured for 30 min. Control experiments indicated that EHNA had no effect on baseline CBF (Fig. 4A) . Similarly, when MTRs were treated with adenosine, EHNA had no effect on baseline or adenosinestimulated CBF (Fig. 4B) . ISO-stimulated MTRs pretreated with EHNA demonstrated a significant increase in CBF (ϳ3-4 . D: PSB1115 (highly selective A2B AR antagonist) blocks NECA-mediated CBF. MTRS were pretreated with or without PSB1115 (100 nM) for 30 min and then stimulated with NECA (10 M). PSB1115 had no effect on baseline CBF. However, PSB1115 significantly inhibited NECA-stimulated CBF (***P Ͻ 0.001 vs. media control; #P Ͻ 0.001 vs. NECA-treated). These data are representative of 3 independent experiments performed in triplicate Ϯ SE.
Hz; **P Ͻ 0.001) compared with media controls. MTRs pretreated with NECA further enhanced ISO stimulation of CBF (ϳ2-3 Hz, #P Ͻ 0.001) compared with ISO-stimulated MTRs and significantly increased CBF compared with media control (ϳ4 -6 Hz, P Ͻ 0.001; Fig. 4C ). MTRs pretreated with NECA did not enhance bradykinin (BK)-mediated CBF, a nonpeptide (100 nM; 17.90 Ϯ 0.243 Hz compared with BKtreated group, 16.67 Ϯ 0.597 Hz; P Ͼ 0.05) (56) . Furthermore, pretreatment with NECA blunted uridine 5=-triphosphate-mediated CBF, a P2Y 2 purinoceptor (P2Y 2 -R; UTP; 100 M; 13.85 Ϯ 0.193 Hz compared with UTP-treated group, 16.68 Ϯ 0.851 Hz; **P Ͻ 0.01) (35) (Fig. 4D) . Consistently, we observed that pretreatment with NECA significantly potentiated ISO-mediated CBF (18.59 Ϯ 0.505 Hz compared with ISO-treated group 16.07 Ϯ 0.190 Hz; *P Ͻ 0.05; Fig. 4D ). These data indicate that NECA potentiates ISO-stimulated CBF in MTRs and suggest a novel interaction between purinergic and ␤-adrenergic stimulation of ciliary motility in our ex vivo model.
NECA-stimulation of CBF requires activation of cAMPdependent PKA activity in ciliated BBECs and MTRs. The cAMP-dependent PKA is established as an important regulator of the cilia stimulation pathway (2, 42, 51, 62) . To determine the mechanism of NECA-stimulation of CBF, we measured PKA activity in our primary ciliated BBEC model. Ciliated BBECs were stimulated for 30 min with NECA [100 nM (A 1 , A 2A , A 3 ), 10 M (A 2B ), ISO (10 M), and 8-bromoadenosine-3=,5=-cyclic monophosphate (8-Br-cAMP), an analog of cAMP], and PKA activity was measured. ISO-stimulated PKA activity increased approximately twofold over the media control group (***P Ͻ 0.001). Cells stimulated with 10 M NECA also significantly increased PKA activity (**P Ͻ 0.01; Fig. 5A ). However, cells stimulated with 100 nM NECA for 30 min did not increase PKA activity (P Ͼ 0.05). The positive control group (cells stimulated with 8-Br-cAMP) displayed a significant increase in PKA activity (*P Ͻ 0.001). To confirm a role for A 2B R-mediated activation of PKA involvement in ciliary motility, cells pretreated with 100 nM PBS1115 significantly blocked A 2B -mediated activation of PKA (P Ͻ 0.001; Fig. 5B ). To demonstrate the temporal effect of PKA activation and A 2B -stimulated CBF, some MTRs were pretreated with a potent PKA inhibitor, KT-5720 (1 M) and stimulated with 10 M NECA for 30 min. NECA significantly stimulated CBF compared with media control group (***P Ͻ 0.001), whereas cells pretreated with KT-5720 markedly blocked A 2B -stimulated CBF below baseline as well as significantly reduced baseline CBF compared with media-stimulated cells (***P Ͻ 0.001; Fig. 5C ). Similarly, MTRs stimulated with 10 M NECA for 30 min significantly increased PKA compared with media-stimulated group (*P Ͻ 0.001; Fig. 5D ). KT-5720 pretreatment significantly blocked NECA-stimulated PKA activation in MTRs (**P Ͻ 0.001; Fig. 5D ). Collectively, these data indicate that A 2B receptor-mediated stimulation of CBF requires activation of PKA in both the ex vivo MTRs and primary ciliated BBECs, suggesting PKA activation as a likely regulator of A 2B -mediated cilia stimulation.
Procaterol stimulates CBF in tracheal rings from both wild-type and AKO mice. To determine functional evidence of CBF, both MTRs from AKO and wild-type mice were stimulated with procaterol, a long acting ␤2-adrenergic agonist used Fig. 5 . A: NECA activates cAMP-dependent PKA activity in ciliated BBECs and MTRs. PKA activity was measured in ciliated BBECs exposed to NECA (100 nM for A1, A2A, A3; 10 M for A2B), and ISO (10 M). ISO stimulated PKA activity 2-fold over baseline (***P Ͻ 0.001). Cells stimulated with 10 M NECA displayed a significant increase in PKA activity (**P Ͻ 0.01). However, cells treated with 100 nM NECA for as little as 30 min did not demonstrate an increase in PKA activity (P Ͼ 0.05). B: PSB1115 blocks A2BAR-mediated PKA activation. Confluent ciliated BBECs were pretreated with or without PSB1115 (100 nM) for 30 min and stimulated with NECA (10 M for A2B). NECA stimulated ϳ2.5-fold increase activity of PKA (***P Ͻ 0.001 vs. media control). Pretreatment with PSB1115 significantly reduced A2BAR-mediated activation of PKA. 8-Bromoadenosine-3=,5=-cyclic monophosphate (8-Br-cAMP) (10 M) was used as positive control (***P Ͻ 0.001 vs. media control). C: KT-5720, a potent PKA inhibitor, reduced NECA-stimulated CBF in MTRS. MTRs were pretreated with or without KT-5720 (1 M) for 30 min and stimulated with 10 M NECA, and CBF was measured. NECA stimulated CBF ϳ2.5 Hz (***P Ͻ 0.001 vs. media control). Pretreatment with KT-5720 significantly reduced NECA-stimulated CBF. Representative of 3 independent experiments performed in triplicate Ϯ SE, n ϭ 9. D: KT-5720 blocks A2BAR-mediated activation of PKA in MTRs. MTRs were treated as mentioned above, and PKA activity was accessed. NECA stimulated an ϳ3-fold increase in PKA activity (*P Ͻ 0.001 vs. media control). Pretreatment with KT-5720 significantly reduced A2BAR-mediated activation of PKA (**P Ͻ 0.001 vs. NECA). These data are representative of 3 independent experiments performed in triplicate Ϯ SE.
in treatment of asthma. MTRs from wild-type and AKO mice demonstrated baseline CBF of ϳ12 Hz, which was maintained up to 30 min. Cilia exposed with 10 M procaterol significantly induced maximal beating (ϳ3-4 Hz; *P Ͻ 0.01 to each matched baseline; Fig. 6A ). These data indicate that the ␤2-adrenergic receptor signaling system from AKO mice MTRs is intact.
NECA failed to stimulate CBF in tracheal rings from A 2B knockout mice. To confirm implication that activation of A 2B receptor in adenosine-mediated cilia stimulation, both wildtype and AKO MTRs were exposed with NECA (10 M) for 30 min, and CBF was measured. NECA significantly stimulated CBF in wild-type mice MTRs (14.54 Ϯ 0.275 Hz; **P ϭ 0.01 compared with WT baseline CBF 12.17 Ϯ 0.316 Hz; Fig.  6B ). NECA did not stimulate CBF in A 2B KO mice. In fact, we observed depressed CBF following NECA exposure in A 2B KO (*P ϭ 0.037 compared with A 2B KO baseline CBF 14.09 Ϯ 0.456 Hz). NECA also induced a marked increase of CBF in MTRs from A 3 knockout (A 3 KO) compared with A 3 KO baseline CBF (13.18 Ϯ 0.436 Hz). However, this increased CBF was not significant compared with wild-type-stimulated CBF (ϳ0.5 Hz; P Ͼ 0.05). MTRs from both A 1 KO and A 2A KO stimulated with NECA did not significantly increase CBF compared with their respective baselines (A 1 KO baseline CBF 13.16 Ϯ 0.300; P ϭ 0.531 and A 2A KO baseline CBF 13.11 Ϯ 0.301; P ϭ 0.07). These data corroborate our findings that purinergic stimulation of CBF requires the one A 2B adenosine receptor.
NECA-stimulated MTRs from A 2B KO mice failed to potentiate ISO-stimulated CBF. To confirm the novel interaction between purinergic and ␤-adrenergic stimulation of ciliary motility, MTRs from A 2B KO mice were stimulated with media, 10 M NECA or ISO for 30 min. Some A 2B KO MTRs were pretreated with NECA and then exposed to ISO. NECA did not stimulate CBF in A 2B KO mice; however, ISO significantly stimulated A 2B KO MTRs compared with the media-treated group (***P Ͻ 0.001; Fig. 6C ). Moreover, pretreatment with NECA failed to potentiate ISO-stimulated CBF compared with ISO-treated group (P Ͼ 0.05; Fig. 6C ). These data indicate that stimulation either by ␤1-or ␤2- Fig. 6 . A: procaterol stimulates CBF in MTRs from both WT and AKO mice. MTRs from both WT and AKO were exposed with procaterol (10 M) for 30 min, and CBF was measured. Baseline CBF from WT and AKO mice MTRs were similar. Procaterol significantly increased CBF in WT MTRs and all 4 AKO mice MTRs over their respective baseline. B: NECA failed to stimulate CBF in tracheal rings from A2BKO mice. Both WT and AKO MTRs were stimulated with NECA (10 M) for 30 min, and CBF was measured. NECA significantly increased CBF in WT MTRs over baseline. In contrast, NECA did not enhance CBF in A2BKO mice but instead caused a significant decrease in CBF back to baseline levels after 30-min exposure. Representative of 2 independent experiments performed in quadruplicate Ϯ SE, n ϭ 7 or 8. C: NECA-stimulated MTRs from A2BKO mice failed to potentiate ISO-stimulated CBF. A2BKO MTRs were pretreated with 10 M NECA and stimulated Ϯ ISO. ISO significantly increased CBF (***P Ͻ 0.001 vs. media control). NECA failed to potentiate ISO-stimulated CBF (P Ͼ 0.05 vs. ISO-treated group). These data are representative of 3 independent experiments performed in triplicate Ϯ SE. adrenergic agonists necessitates the activation of the A 2B receptor.
DISCUSSION
Adenosine is well established as a natural ligand that can stimulate CBF (42) . Our study provides evidence of the contribution of the specific role adenosine receptors play in regulating ciliary motility. We demonstrate using pharmacological and genetic approaches in two distinct models of ciliary motility, ex vivo MTRs and ciliated BBECs, and adenosine activation of the A 2B receptor(s) is likely responsible for the role of adenosine in cilia control. In addition, our data indicate that stimulation of the A 2B receptor(s) activates cAMP-dependent PKA, a known kinase regulator of CBF. Furthermore, we demonstrate a novel observation that purinergic stimulation potentiates ␤-adrenergic stimulation of CBF, suggesting a previously undescribed interaction between the ␤-adrenergic and adenosine receptor(s). Most importantly, dose-dependent responses to NECA, receptor blocking studies, and KO mice analysis confirm a complex role for adenosine in cilia regulation.
␤-Agonists are known stimulators of ciliary motility (2, 58, 62) . To demonstrate the sensitivity of our ex vivo model, tracheal rings from wild-type MTRs were stimulated with various concentrations of ISO. We found that our ex vivo MTR model functions similarly to our in vitro bovine ciliated model. Furthermore, the responsiveness of MTRs support other findings that ex vivo lung tissue models are useful in determinations of kinetic descriptors for a variety of lung functions (40) and provide a useful tool to predict in vivo responses in ciliary function.
The differential effects of adenosine to stimulate and/or inhibit ciliary motility and clearance have been investigated in numerous models (34, 35, 55, 57) , yet the net effects of adenosine receptor activation on ciliary function remain unclear. We chose an ex vivo model using both pharmacological and genetic manipulations to provide further clarity into the complex roles of adenosine in the regulation of mammalian ciliary beating. Our pharmacological studies revealed that wild-type MTRs exposed to NECA (10 M; A 2B ; EC 50 of 2.2 M) had a sustained CBF response similar to that observed with ␤-adrenergic stimulation of ISO. We also observed a similar profile when wild-type MTRs were exposed to adenosine (10 M; A 2B ; EC 50 of 1.5 M) although NECA had a greater potency than adenosine. NECA is a potent nonselective agonist, and it can bind to A 1 , A 2A , and A 3 receptors (lower nanomolar concentration). Considering that A 2B R have low affinity for adenosine (ϳ5 M), the responses elicited by NECA at concentrations in the low micromolar range (1-10 M) in this study are characteristic of A 2B receptor (9, 17) . As confirmation, wild-type MTRs pretreated with the highly selective A 2B antagonist, PSB1115 (100 nM), revealed a significant attenuation of the A 2B AR-mediated stimulation of CBF. Conversely, wild-type MTRs exposed to NECA (100 nM; A 1 , A 2A , A 3 ) did not demonstrate an increase in CBF, suggesting that activation of the adenosine A 2B receptor(s) is required. Our data are consistent with the findings observed in canine tracheal in vivo adenosine delivery of 10 M aerosol-stimulated ciliary activity (60) and in explants of human nasal epithelium exposed to 1 M NECA (EC 50 of 0.09 M) (35) showing that NECA is stimulatory in its action on ciliary activity via its activation of the A 2B receptor. In addition, our study reiterates that there are differences emerging between various mammalian models in understanding the purinergic signal transduction pathways involved in regulation of ciliary beat function.
To gain a better understanding of the adenosine-mediated ciliary beating, we investigated the effects of EHNA, an adenosine deaminase inhibitor that has been characterized also as a dynein ATPase inhibitor. EHNA has been implicated in blocking flagella and cilia-like movement (1, 7) ; the evidence is clear that dynein ATPases in the axoneme regulate motility (8) . Although we did not measure ATPase activity, our data suggest that pretreatment with EHNA did not alter NECAmediated or adenosine-mediated stimulation of CBF, making cilia dynein inhibition unlikely. Furthermore, the data imply that baseline CBF is not affected by endogenous adenosine in our ex vivo model.
It is clear that ␤-adrenergic agonists increase CBF although there is still little information regarding the relationship between adenosine and ␤-adrenergic receptor(s). Both of these receptors are members of the G protein-coupled receptor class and require activation of adenylyl cyclase that couples to the G-␣ subunit (2, 3, 42) . Engagement of these receptors leads to changes in intracellular cAMP and calcium levels, both essential for increased CBF activity (9, 24, 39, 44) . Our laboratory previously demonstrated that cAMP-dependent phosphorylation via activation of PKA mediates increased CBF in ciliated BBECs (2, 51, 61, 62) . Likewise, it has been demonstrated that adenosine activation of A 2 receptors, particularly A 2B , increases cAMP, thereby increasing CBF (35, 42) . Understanding that both of these receptors share similar signal transduction pathways in regulating CBF, we investigated their potential kinetic interaction. We found that pretreatment with NECA potentiates ISO-stimulated CBF, and this potentiation was not detected when MTRs were stimulated with BK. One of the surprising observations in this study was that pretreatment with NECA significantly decreased UTP-stimulated CBF, suggesting that activation of A 2B receptor may in fact act as a autocrine/paracrine mediator (42) . Furthermore, these findings support the existence of a novel interaction between adenosine and ␤-adrenergic receptors. In addition, stimulation of either NECA or ISO in ciliated epithelial cells leads to the activation of PKA (41, 42, 62) . As proof of concept, pretreatment with PSB1115 revealed significant inhibition of NECA-mediated activation of PKA. Likewise, MTRs pretreated with KT-5720 significantly attenuated NECA stimulation of CBF below media baseline CBF, demonstrating a nonfunctional CBF, implying that NECA-stimulation of CBF beyond baseline beating is mediated via activation of PKA. Collectively, these studies support that both types of G protein-coupled receptors share PKA as a common signal transduction element in regulating CBF.
Pharmacological manipulations are useful tools; however, they are subject to nonspecific and potential cross-talk interactions among the receptor(s) investigated. To further support our findings, we utilized a genetic approach to delineate an adenosine role in mucociliary transport and clearance. AKO mouse models have been quite useful in understanding the complex properties of adenosine (10, 43, 63) . In our studies, we demonstrated the equipotent characteristics between ␤1 (ISO) and/or ␤2 (procaterol) adrenergic receptors (49, 64) , as cilia from AKO MTRs (A 1 , A 2A , A 2B , and A 3 ) and wild-type all responded to procaterol stimulation. However, with AKO MTRs stimulated with NECA, the A 2B KO MTRs paradoxically revealed a significant decrease in CBF. Furthermore, A 2B KO MTRs pretreated with NECA failed to potentiate ISO-stimulated CBF, suggesting that activation of A 2B receptor is essential for this novel interaction. In addition, our findings were consistent with pharmacological studies of mouse lateral ventricle ependymal cells demonstrating that enhanced CBF was attributable to A 2B receptor activation, which was subsequently confirmed by using A 2B KO/␤-galactosidase reporter gene knock-in mice (20) . Both A 1 KO and A 2A KO MTRs failed to be stimulated with NECA, which indicates that A 3 receptor may act as a negative regulator of A 2B activation. The slight but nonsignificant increase in CBF in A 3 KO MTRs further supports that activation of A 3 R might play a role in slowing CBF and requires further investigation. These findings confirm our pharmacological studies demonstrating that purinergic stimulation of CBF is dependent on A 2B adenosine receptor activation.
The A 2B receptor(s) is the least characterized of the adenosine purinergic receptors (P1), has been defined as the "lowaffinity" adenosine receptor(s), and pharmacologically lacks potent and selective agonists. Despite these limitations, growing evidence demonstrates that the activation of A 2B receptors regulates a wide range of physiological and pathophysiological events (4, 11, 13, 14, 17, 27, 29, 46) . Genetic-linked diseases such as cystic fibrosis and primary ciliary dyskinesia, both characterized with impaired mucociliary clearance, demonstrated evidence involving the A 2B receptor subtype in determining secretion stimulation of epithelial transports, i.e., chloride secretion via direct activation of the cAMP-activated chloride channel cystic fibrosis transmembrane conductance regulator (25, 28, 32, 54) . Overall these studies indicate that purinergic regulation of mucociliary function either via the epithelial transport or direct stimulation of A 2B receptor(s) may act as a natural defense system working to "sweep away" injuries caused by cellular damage or inflammation (6, 32, 35) .
In summary, we observed that activation of the adenosine A 2B receptor stimulates CBF in MTRs excised from wild-type and AKO mice and BBECs. A 2B R-stimulated CBF is likely mediated by the activation of PKA. Moreover, we demonstrated a novel interaction of purinergic stimulation that potentiates ␤-adrenergic stimulation of CBF. Collectively, the data revealed that adenosine response is tissue and species specific, which can account for the varied response in modulating mucociliary function, and that future experiments should focus on understanding whether purinergic dysfunction contributes to pathological conditions such as chronic obstructive pulmonary disease and asthma.
